Single crystalline tungsten nanowires were prepared from directionally solidified NiAl-W alloys by a chemical release from the resulting binary phase material. Electron back scatter diffraction (EBSD) proves that they are single crystals having identical crystallographic orientation. Mechanical investigations such as bending tests, lateral force measurements, and mechanical resonance measurements were performed on 100-300 nm diameter wires. The wires could be either directly employed using micro tweezers, as a singly clamped nanowire or in a doubly clamped nanobridge. The mechanical tests exhibit a surprisingly high flexibility for such a brittle material resulting from the small dimensions. Force displacement measurements on singly clamped W nanowires by an AFM measurement allowed the determination of a Young's modulus of 332 GPa very close to the bulk value of 355 GPa. Doubly clamped W nanowires were employed as resonant oscillating nanowires in a magnetomotively driven resonator running at 117 kHz. The Young's modulus determined from this setup was found to be higher 450 GPa which is likely to be an artefact resulting from the shift of the resonance frequency by an additional mass loading.
INTRODUCTION
Tungsten is a brittle refractory metal that crystallises in the BCC form [1] . It has high-tensile strength and good creep resistance. However, it suffers from poor low-temperature ductility and strong reactivity in air [2] . Like the other BCC metals, tungsten also undergoes a brittle-to-ductile transition (BDTT) above 205
• C. Below the BDTT it is very brittle exhibiting only few percents of elongation. The BDTT can only be lowered by heavy warm or cold deformation at temperatures below the room temperature. Due to its high stability this material is used in various applications in engineering. The trend for miniaturization of devices increases the demands for the selected materials to consider size effects of their properties. Most of the mechanical phenomena are well-known on a macroscopic scale, however, they are hard to determine on a nanoscopic scale. There is a variety of theoretical predictions of hardness and Young's modulus; mainly for carbon nanotubes [3] , but only a few for nanowires (e.g., Au [4, 5] ) which could not be confirmed experimentally up to date. Many metals are known to have oxidised surfaces under environmental conditions. This is also the case for tungsten, and the high surface to volume ratio in nanostructures amplifies the importance to consider this process [6] . Thus, a remarkable influence of the oxidised surface on the properties of the nanowires can be expected, which complicates the mechanical analysis of metal nanowires. Mechanical studies on nanowires are of interest as their diameter is already smaller than the average dislocation distance. The dislocations will therefore accumulate at the nanowires surface generating virtually dislocation free structures. These structures exhibit mechanical strength that may reach the theoretical limit. This is especially true if the wires are single crystalline [7] . Cutting of those structures from bulk material by means of a focused ion beam is one method to prepare the necessary test objects [8] . The FIB preparation often generates a large number of surface defects which limits the applicability of this method. Wang [9] has reviewed Figure 1 : Roadmap of the processing steps employed in this work. A detailed description of the processing steps is given in the text. the mechanical properties of nanowires and nanobelts characterised by techniques developed for mechanical characterisation using in situ transmission electron microscopy (TEM).
Recently, a method was established that allows producing single crystalline Re [10] , W [11] , Mo [12] , Cu [13] , and Au [14, 15] nanowires with a high-aspect ratio from directionally solidified eutectic alloys. By controlling the growth parameters and the dissolution conditions, the diameter [16] and the released length [15, 17] , respectively, are well adjustable. The advantage of this system is that an array of nanowires is produced which allows studying the anisotropy of the mechanical properties. This was demonstrated for the Re system [18] . It is also possible to perform compression tests on Mo [19] . Since the release of the wires is done chemically or electrochemically, the surface of the wires is not mechanically affected, on the contrary deformations will be preferentially dissolved. This is well known and the reason why electropolishing is used for surface preparations for TEM samples.
The focus of this study lays in the investigation of stability and the mechanical properties of the tungsten nanowires. Different static and dynamic analysis approaches will be presented to extract one basic elastic property of the nanowires in comparison to the bulk material-the Young's modulus. The influence of the contamination and oxidation in air on the elastic behaviour is studied qualitatively in static bending experiments as well as in resonant oscillating nanomechanical devices.
EXPERIMENTAL

Preparation of the nanowires
The complete fabrication process from source material up to the mechanical test structure is schematically shown in Figure 1 . The single steps are described in more detail in the following paragraph. Prealloys were prepared from nickel (99.97 wt%), electrolytic aluminium (99.9999 wt%), and tungsten (99.99 wt%) by induction melting under an inert atmosphere. They were drop cast into a cylindrical copper mould and subsequently fitted into alumina crucibles. Directional solidification was performedin a Bridgman-type crystal growing facility. The solidification was conducted at a temperature of 1700 ± 10
• C, a thermal gradient of approximately 40 K cm −1 , and a growth rate of 30 mm h −1 . Mechanical cutting and a standard metallographic preparation yielded the sample shown in Figure 2 in which the cross sections of the nanowires appear darker. This sample was further investigated by EBSD as discussed in the results section.
Nanowire release
In order to extract the tungsten wires from the matrix, the conditions under which both matrix elements-nickel and Volker Cimalla et al. aluminium-corrode, while passivating tungsten was chosen, the details of which are described in [11] . Both a chemical and an electrochemical route are available to release these wires from the matrix. The chemical route pieces of the sample were immersed in a solution of HCl and H 2 O 2 which leads to the selective digestion of the matrix phase [11] . The appropriate potential could also be applied electrochemically. By continuing the dissolution process for a few hours, the matrix was completely digested. In both cases, a subsequent filtration yielded free nanowires on a filter paper (see Figure 3 ). It clearly shows the extreme aspect ratio of these wires. All potentials in the electrolyte are given versus the standard hydrogen electrode (SHE). The chemicals were of p.a. grade and purchased from VWR, Germany.
Preparation of nanowires for mechanical investigation
For the processing of nanowire-based nanomechanical devices and test structures, no reliable technology for the largescale fabrication exists and every structure can be considered as a handmade single device. Moreover, classical processes often damage or destroy bottom up nanomaterials [20] . In this work, two variants of a process technology were used, both bridging classical top down and novel bottom up methods. The first method combines photolithography and electron-beam lithography as shown schematically in Figure 1 . The basis is a silicon wafer with thermally grown SiO 2 and a matrix of large gold pads as well as alignment marks as in Figure 1 . The pads are defined by photolithography and are used as interface between external wiring (bonding or attached tips) and the nanocontacts to the nanowires. The SiO 2 surface provides electrical isolation between the contacts and is also utilised to be etched by HF (hydrofluoric acid)-vapour-etching [21] to obtain freestanding nanowires.
The tungsten nanowires collected on filter paper (see Section 2.4) were transferred into a suspension of isopropanol or methanol after etching. After drying out on the substrate, the nanowires are randomly distributed on the surface (Figure 1 ). Due to their light scattering properties, they can be localised in an optical microscope. Afterwards the position is mapped relative to the alignment marks, and the obtained coordinates are used to create a mask for the electrical contacts. The nanocontacts are prepared by e-beam lithography, Au evaporation, and lift off processing ( Figure 1) . A thin layer of chromium (Cr) is deposited first in order to improve the adhesion of gold on the SiO 2 -surface.
Finally, the freestanding nanowires are realized by the undercut of the SiO 2 . The sample is heated 13
• C relative to the room temperature and is then placed into a chamber containing HF-vapour for 10 minutes (Figure 1 ). An example of a tungsten nanowire and the prepared Au nanocontacts is shown in Figure 4(a) .
In a second method, nanowires can be contacted directly by writing the pads using Pt deposition by the focused ion beam (FIB) technique (see Figure 4 (b)). A major disadvantage of the method is the possibility to contaminate the nanowires with Pt and carbon, which may alter the mechanical properties.
Chemical and structural characterisation
Chemical analysis of the solutions was performed by inductively-coupled plasma optical emission spectrometry (ICP-OES). Scanning electron microscopy was performed using a Leo 1550 VP apparatus (Leo Elektronenmikroskopie GmbH, Oberkochen, Germany) fitted with an INCA energy dispersive system (EDS) (Oxford Instruments, Oxford, UK).
A scanning electron microscope model JSM6500F from JEOL, Japan equipped with an EBSD detector from TSL was used for electron back scatter diffraction (EBSD) measurements. The patterns were recorded by a CCD camera (DigiView) 12 under a tilting angle of the sample stage of 70
• . The acceleration voltage was 15 kV. The analysis of the individual EBSD patterns yielded the crystallographic orientations of the crystal at each position of the electron beam. In the present study, ACOM has been applied in a high-resolution, high-intensity SEM with field emission gun (JEOL JSM 6500 F). For pattern analysis, the TSL OIM analysis software was used.
Mechanical characterisation
Bending (static) experiments
Static bending experiments were performed on singly clamped nanowires by exposing a force on a nanowire clamped on one side only. As a qualitative test of mechanical properties of the tungsten nanowires, a micromanipulator was used for bending experiments, which were observed by optical microscopy. Quantitative analysis was performed using an atomic force microscope (AFM) in order to obtain the Young's modulus. This analysis was performed on laterally aligned nanowires ( Figure 5 ).
Analysis of resonant oscillating nanowires
Dynamic studies can be performed on oscillating nanowires by analysis of the resonant frequency, which is given by the Euler-Bernoulli theory [22] :
with k being a constant depending on the oscillation mode.
For the singly and doubly clamped oscillators (Figure 6 ), the Volker Cimalla et al. resonant frequency of the first flexural is then given by
for singly clamped nanowires (cantilever), and
for doubly clamped nanowires (bridge), with E being the Young's modulus and p the mass density of the resonator material, R and L are radius and length of the resonator beam, respectively. Consequently, resonators are powerful test structures for the determination of the Young's modulus on the nanoscale as long as the geometry can be determined accurately.
In this study, only doubly clamped nanowires were investigated. These resonators were operated by magneto motive actuation, the principle of which is shown in Figure 7 . The conducting actuator was positioned in a static magnetic field, and the current through the actuator causes a Lorentz force to bring the device into motion [23, 24] . It is one of the most popular actuation mechanisms for NEMS devices [25] .
RESULTS AND DISCUSSION
Nanowire crystallography
There are several methods available to produce tungsten nanowires. However, none of the techniques is able to yield a self-organised array of the single crystalline tungsten nanowires except the method presented here. Figure 2 (a) shows an array of tungsten nanowires embedded in the NiAl matrix. In order to establish whether they are single crystalline as well as determine the growth direction of the two eutectic phases (NiAl and W) and their interfacial planes, orientation imaging microscopy (OIM) was used. EBSD patterns taken from the NiAl matrix and the W nanowires at different locations of the sample are depicted in Figure 2(b) . First of all, the identity of the patterns from the NiAl matrix shows that the matrix is single crystalline. Also, the patterns obtained from different nanowires show welldefined Kikuchi lines, proving that they are single crystalline. Moreover, the symmetry and parallelism of the patterns indicate that the nanowires have the same crystallographic orientation, even azimuthally. This practically proves that this method surpasses the drawbacks of the other available methods and is capable of yielding self-organised arrays of the single crystalline tungsten nanowires.
An interesting aspect of directionally solidified eutectics is a preferred crystallographic orientation relationship between the phases. The existence of such specific crystallographic relationships is ascribed to the minimisation of the interface energy between the phases. Cantor [26] has reviewed the evidence for the development of special crystallographic relationships during directional solidification of eutectic alloys and shown that behaviours ranging from strict epitaxial to completely independent growth can occur.
The crystallographic orientation relationship was found to be cube-on-cube, which is characteristic for eutectic alloys containing phases with similar structures, such as NiAl-Cr, Mo, and V. As W also has a BCC structure which is crystallographically identical to the B2 ordered structure of NiAl, they also adopt identical growth textures and form a unique orientation relationship.
Flexibility
As a qualitative test of the mechanical properties of the tungsten nanowires, bending with a micromanipulator was carried out. The sequence of images (Figures 8(a)-8(d) ), comprised of snapshots from a video, demonstrates totally elastic bending of a nanowire, even after several load-unload cycles, which is unusual for a brittle material like tungsten. Both high elasticity and ductility of the nanowires observed during bending experiments brought up a necessity for more accurate and quantitative measurements of the mechanical properties which are described in the following sections.
Young's modulus of nanowires by static bending
A singly clamped tungsten nanowire prepared by the FIB technique is shown in Figure 9 . An example for the analysis of lateral positioned nanowires by lateral force microscopy (LFM) is presented in Figure 10 . The singly clamped nanowire (see Figure 9 ) is scanned at different points along the nanowire and lateral deflection of the AFM cantilever is recorded. Figure 10(b) shows three selected line scans separated by about 300 nm. It can clearly be seen that the lateral deflection, and thus the applied force increases when scanning approximate the anchor point, and that the nanowire is released after stronger bending.
Consequently, as expected the stiffness (spring constant) of the nanowire increases with decreased distance to the anchor point, that is, with shorter nanowires. The stiffness value is used to calculate the Young's modulus. A major difficulty in LFM, however, is the accurate determination of the lateral force in Figure 10 (b), since the torsional lattice constant of the AFM cantilever cannot be determined with the required accuracy. In contrast, the vertical bending lattice constant of the AFM cantilevers can be obtained with much higher accuracy (e.g., from the resonant frequency), the application of force-displacement curves is much more reliable for the determinations of the Young's modulus. Figure 11 shows the force-displacement curves on the same tungsten nanowire. Similar to the LFM analysis, the stiffness k eff of the system can be determined from the slope in Figure 11 (b). The lattice constant k NW of the tungsten nanowire is
with the spring constant k cantilever of the silicon cantilever. Finally, the Young's modulus of the tungsten nanowire is given by
The determined values in dependence on the position on the nanowire are shown in Figure 12 . For this nanowire, an average Young's modulus of E 0 = 332 GPa was extracted. The analysis of several nanowires results in an average Young's modulus of E 0 = 362±62 GPa, which is very close to the bulk value of E 0 = 355 GPa [27] . Nanowires prepared by the ebeam-based technology had a slightly smaller value, however, this difference is within the accuracy of the measurements. As a consequence, nanowires down to 100 nm diameter exhibit a Young's modulus, which does not show dependence on the diameter and is not different from the bulk value.
Young's modulus from resonant oscillating nanowires
In the case of oscillating nanowires, the Young's modulus is calculated from the measured resonant frequency of magnetomotively driven, doubly clamped nanowires as described in Section 2.5.2. Figure 13 shows the resonant curve of a nanoresonator (insert) prepared by FIB-contacting of a tungsten nanowire. The calculated Young's modulus (E∼450 GPa) for this structure strongly differs from the bulk value. Generally, the dynamic measurements yield to higher values for the Young's modulus (400-650 GPa). The main reason for this phenomenon is the high contamination during the processing. All the resonator bridges were prepared by the FIB technique, and Auger electron spectroscopic investigations have shown that these nanowires were higher contaminated with carbon and traces of Pt then the singly-clamped nanowires used for the static measurements. As a consequence, the highest values for the apparent Young's modulus were obtained for the nanowires with the highest contamination level. These contaminations affect the resonant behaviour of the nanowire by simple mass loading Δm according to
Volker Cimalla et al. or by introducing additional strain, which also alters the resonant frequency [28] [29] [30] . Consequently, the apparent Young's modulus is not representative for the pure tungsten nanowire but an effective value for the processed nanoresonator. This observation underlines the importance of controlling the processing technologies, the nanowire surfaces, and the environment with highest accuracy while maintaining absolute cleanliness. On the other hand, this phenomenon gives rise to an attractive possibility of using nanowires as highly sensitive sensors [31] . For further qualitative analysis of this effect, two coupled resonators on the same nanowire were investigated ( Figure 14) . After bending of a single tungsten nanowire, the original resonator with a resonant frequency of f res = 117 kHz (I) splits into two resonators with each with its own resonant frequency (II). After a long-term exposure of the nanowires to air, these two resonant frequencies shift further to higher values (III) indicating a modified structure. Auger electron spectroscopy showed an increased amount of oxygen and carbon on the nanowire surface demonstrating again the high sensitivity of the properties of nanowires to surface modifications. Thus, in contrast to the almost constant behaviour in static bending experiments, contamination and oxidation have a strong influence on the resonant oscillation behaviour of the nanowire, which leads one to expect a discontinuous surface film. The quantification of the influence of these additional surface layers on the mechanical properties of the nanowires and the development of a corresponding analytical model is the subject of the ongoing studies. 
SUMMARY
In this study, single crystalline tungsten nanowires were grown by directional solidification of NiAl-W alloys and were chemically released. Single crystallinity and parallel crystallographic orientation were proven by EBSD. These nanowires were further processed to realise freestanding structures for mechanical characterisation. By different mechanical analysis techniques, it was shown that single crystalline tungsten nanowires with diameters down to 100 nm exhibit a Young's modulus, which is comparable to the bulk value. In bending experiments, these tungsten nanowires have shown a high stability. However, particularly the analysis of resonant nanowire structures revealed that the mechanical properties can be drastically altered by the processing technology and the exposure to the ambient environment. In contrast to semiconducting nanowires such as ZnO, the effective Young's modulus increases. These observations have a high impact on the design of nanowire-based nanomechanical devices. The increased effective Young's modulus is the consequence of the observed contamination and the formation of a surface oxide on the tungsten wire, which alters the geometry as well as the internal strain. A quantitative analysis of this effect will be the subject of future investigations.
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